Purpose Obstructive sleep apnea is common in patients with end-stage renal disease, and there is increasing evidence that clinical factors specific to end-stage renal disease contribute pathophysiologically to obstructive sleep apnea. It is not known whether circumstances specific to dialysis modality, in this case peritoneal dialysis, affect obstructive sleep apnea. Our study aimed to investigate the prevalence of obstructive sleep apnea in the peritoneal dialysis population and the relevance of dialysis-specific measures and kidney function in assessing this bidirectional relationship. Methods Participants with end-stage renal disease who were treated with nocturnal automated peritoneal dialysis for at least 3 months were recruited from a hospital-based dialysis center. Laboratory measures of dialysis adequacy, peritoneal membrane transporter status, and residual renal function were gathered by chart review. Patients participated in a home sleep apnea test using a level III sleep apnea monitor. Results Of fifteen participants recruited, 33% had obstructive sleep apnea diagnosed by apnea-hypopnea index ≥ 5 events per hour of sleep. Renal creatinine clearance based upon 24-h urine collection was negatively correlated with apnea-hypopnea index (ρ = − 0.63, p = 0.012). There were no significant associations between anthropometric measures, intra-abdominal dwell volume, or peritoneal membrane transporter status and obstructive sleep apnea measures. Conclusions The prevalence of obstructive sleep apnea and sleep disturbances is high in participants receiving peritoneal dialysis. Elevated apnea-hypopnea index is associated with lower residual renal function, whereas dialysis-specific measures such as intra-abdominal dwell volume and peritoneal membrane transporter status do not correlate with severity of obstructive sleep apnea.
Introduction
Obstructive sleep apnea (OSA) is a condition defined by repeated episodes of airway obstruction, apnea, and hypoxia during sleep [1] . OSA prevalence in the general population is 9-24% [2] . In chronic kidney disease (CKD), the prevalence increases with each stage of CKD, such that over 40%
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of patients with end-stage renal disease (ESRD) have OSA [3] [4] [5] [6] . This striking increase in OSA prevalence may be due to shared comorbidities with ESRD, such as diabetes mellitus, hypertension, obesity, and cardiovascular disease. Recent research, however, suggests that there are unique conditions in ESRD that contribute to OSA [4, 7, 8] .
Several studies have investigated the role of fluid shifts in the pathogenesis of sleep apnea in ESRD. As extracellular fluid accumulates with advancing stages of CKD, there is a positive correlation between leg fluid volume displacement, supine neck circumference, and apnea-hypopnea time, which may be mediated by an increase in pharyngeal resistance and a reduction in the upper airway cross-sectional area [7, 9, 10] .
Based upon these observations, it is biologically plausible that OSA severity in ESRD is affected by dialysisspecific characteristics. In patients treated with peritoneal dialysis (PD), the presence of intra-abdominal fluid might be expected to reduce functional residual capacity, in turn leading to hypoventilation and airway collapse [11] . On the other hand, nocturnal automated PD, a dialysis modality in which extracellular volume removal occurs primarily at night, would be expected to alleviate pharyngeal and pulmonary edema. Finally, residual renal function would protect against extracellular fluid overload and thus mitigate OSA severity. These factors have not, however, been investigated to our knowledge.
The purpose of this pilot study was to determine OSA prevalence in a small cohort of PD patients and to investigate whether fluid composition measures, PD-specific parameters, and residual renal function affect OSA severity. We hypothesized that OSA prevalence among PD patients would be high and that the PD prescription, peritoneal membrane transport characteristics, and residual renal function would be associated with OSA severity.
Methods
A pilot study was designed in order to recruit participants with ESRD receiving nocturnal automated PD at a hospitalbased dialysis center. Participants with a history of treated OSA and/or systolic congestive heart failure with an ejection fraction < 45% were excluded from the study. Those with a permanent pacemaker or extremity amputation were excluded from body composition measurements. All study participants were stable on PD for at least 3 months prior to study enrollment. Medical records were reviewed for medical history including cause of ESRD, medications, social habits, and laboratory data. Consent was obtained and signed by all participants in accordance with the ethical standards established by the Declaration of Helsinki. The institution's ethical review board approved the study protocol.
Data characterizing peritoneal membrane transporter status, referred to as the peritoneal equilibration test (PET), were gathered from participants' charts. Peritoneal membrane transport status is a method that classifies membrane (peritoneal) function by measuring the rate at which solutes equilibrate between the dialysate and body plasma. The standard protocol for PD patients at our center is to perform PET testing 1 month after dialysis start, and to determine both the D/P creatinine (ratio of dialysate-to-plasma creatinine concentration after a 4-h dialysate dwell) and the D/D 0 glucose (ratio of dialysate glucose concentration after a 4-h dwell to initial dialysate glucose concentration), in order to characterize the peritoneal membrane transporter status as rapid (high D/P creatinine and low D/D 0 glucose) or slow (low D/P creatinine and high D/D 0 glucose). Rapid transporters tend to have more rapid equilibration of solute and hence less ultrafiltration, whereas slow transporters tend to have slower equilibration of solute and greater ultrafiltration.
Intraperitoneal dialysate volume was determined at the time of the sleep study. The majority of patients at our program receive a standard continuous cycling peritoneal dialysis (CCPD) prescription according to body surface area, which is adjusted every 3 months based upon patient symptoms and dialysis adequacy measurements. Adequacy measures, as defined by total Kt/V urea, dialysate Kt/V urea, and renal Kt/V urea, were collected within 1 month of the date of the sleep study, and data regarding 24-h urine volume and creatinine clearance were available by chart review within 1 month of the sleep study.
Bioelectrical Impedance Analysis (Biospace Body Composition Analyzer, Inbody 520) was used to measure body fluid content and weight on the day of the sleep study, including intracellular water (ICW), extracellular water (ECW), and total body water (TBW). Height was recorded based on patient-reported height. Neck circumference was measured in the upright position using a disposable measuring tape at the level of the hyoid bone. The site of measurement was marked, patient was asked to lie supine on an examining table, and measurement repeated within 5 min of the upright measurement. Hip circumference was measured at the largest area over the hips, while waist measurement was performed at three finger breadths above the right anterior iliac crest by the same investigator (AL). Right leg circumference was measured in the supine position at the widest calf diameter.
For the sleep study, participants were instructed on use of the Medibyte® home sleep apnea test (Braebon Medical Corporation ON, Canada), a validated Level III FDAapproved sleep-recording device that measures airflow, snoring, oxygen saturation, and body position to diagnose sleep apnea [12] . All studies were scored by the same trained polysomnography technician using recommended criteria for hypopnea with 4% desaturation and standard definition of apnea according to the AASM criteria 2012 and reviewed by the study investigators [13] . Apnea-hypopnea index (AHI) was calculated based upon the average number of apneas and hypopneas per hour of sleep.
Statistical Analyses
Analyses were conducted using IBM SPSS v.20 (IBM Statistics for Windows, Armonk, NY: IBM Corp). Descriptive statistics were used to summarize the demographic and baseline characteristics. Spearman's correlations were performed to assess for associations between independent and dependent variables. Linear regression analyses were performed to assess for associations between independent (apnea-hypopnea index, percent time spent at SpO 2 < 90%, and nadir oxygen saturation) and dependent (residual renal function, dialysis-specific measures, and body composition) variables after adjusting for covariates, when applicable. A priori covariates included CCPD dwell volume, 24-h urine creatinine clearance, and dialysate Kt/V. The association of body fluid composition with OSA was adjusted for time of day the measurement was taken.
Independent samples T tests were performed to assess if OSA groups differed on the dependent variables of interest.
Results
Ten males and five females with an average age of 46 ± 12 years were enrolled and completed the study. Participant self-identified race was Caucasian in 47% of participants, 13% identifying as Black and 33% as Latino. Main comorbidities included hypertension (80%), diabetes mellitus (47%), and asthma (20%). The main causes of ESRD identified by chart review were diabetes (20%) and hypertension (13%). Participants had been receiving peritoneal dialysis for an average of 11 months (see Table 1 ).
Approximately 25% of the sample population had a BMI > 30 kg/m 2 , and median BMI was 27 kg/m 2 , interquartile ratio (IQR) 7.7. A significant increase was found between upright (M = 39.5 ± 5.6 cm) as compared with supine (M = 41.4 ± 5.8 cm) neck circumference measurements (p < 0.001). Median right leg circumference averaged 36.3 (IQR 4.4) cm, and median waist/hip ratio was 0.98 (IQR 0.09) (see Table 2 ). Right leg circumference, waist-tohip ratio, and change in neck circumference were higher in the OSA group compared to the non-OSA group; however, this difference did not reach statistical significance.
BMI was not correlated with AHI, nadir oxygen saturation, or percent time spent at SpO 2 < 90% in our sample population (ρ = 0.018, p = 0.95; ρ = − 0.29, p = 0.29; ρ = 0.36, p = 0.19, respectively).
Thirty-three percent of participants had OSA as defined by an AHI greater than 5 events/h-three were severe, one moderate, and one mild. Table 3 shows median breathing parameters during sleep for reference. The median AHI was two, with six participants spending over 20% of total sleep time in SpO 2 < 90%, indicating a profound hypoxemic burden.
Renal creatinine clearance based upon 24-h urine collection and adjusted for body surface area (BSA) was negatively correlated with AHI (ρ = − 0.63, p = 0.012), but not correlated with oxygenation parameters (see Fig. 1 ). Dialysate Kt/V urea, a measure of urea clearance in the dialysate effluent, was moderately positively correlated with AHI (ρ = 0.53, p = 0.04). However, total Kt/V urea, renal Kt/V urea, CCPD dwell volume, and 24-h urine volume were not significantly correlated with respiratory parameters during sleep. PET results (D/P creatinine and D/D 0 glucose) did not correlate with respiratory parameters during sleep.
Bioelectrical Impedance Analysis revealed that intracellular water, extracellular water, and total body water were higher in the OSA group but the difference did not reach 
Discussion
This pilot study demonstrated a high prevalence of OSA in patients with ESRD receiving PD, similar to previous studies. The most significant finding was a negative correlation between OSA severity, as measured by AHI, and residual renal function, as measured by 24-h urine creatinine clearance. Contrary to our hypothesis, PD-specific measures, including peritoneal membrane transporter status and intraabdominal dwell volume, and body composition measures, did not correlate with severity of OSA. One of the most interesting findings is the association between residual renal function and OSA. Given the crosssectional nature of this study, it is difficult to interpret the directionality of the association. One might hypothesize that repetitive insults caused by intermittent hypoxemia lead to ischemic kidney injury and loss of residual renal function; conversely, decreased residual renal function could contribute to altered nocturnal respiratory mechanics and volume overload, thus driving the apneas and hypopneas that define OSA [1, 3] . Other potential mechanisms connecting renal function to OSA relate to upper airway patency, which may be compromised in the setting of uremic myopathy [14, 15] . As more studies emerge linking decreased residual renal function to increased cardiovascular risk in ESRD and increased residual renal function to prolonged survival, this association with OSA is intriguing given that OSA has similarly been found to predict increased cardiovascular morbidity and mortality [16] [17] [18] . The 33% prevalence of OSA in our cohort is somewhat lower than the prevalence found in other studies of patients with ESRD [3, 5, 6] . This difference may be explained by the use of a home sleep apnea test, which may have underestimated the prevalence of OSA. Home sleep apnea monitors do not measure sleep or detect arousals, and therefore events that are associated with airflow reduction and arousals that would qualify as hypopnea on in-laboratory polysomnography testing are not detected. In addition, total sleep time is not accurately measured on home sleep monitors due to the lack of electroencephalography (EEG) recording; hence an overestimation of sleep duration may underestimate apneahypopnea indices and under-diagnose sleep apnea. However, the level III device used in this study has been validated against in-laboratory polysomnography with a sensitivity of 97% and a specificity of 67% for apnea and hypopnea index ≥ 5 events per hour [12] . With higher apnea-hypopnea indices, sensitivity decreases to 70% for AHI > 30 events/h but specificity rises to 100%. In our sample, the high hypoxemic burden (median time spent at saturations below 90%) in comparison to the number of apnea and hypopneas per hour of sleep may be an indication of an underestimation of sleep-disordered breathing. Other possible explanations for the lower prevalence of OSA in our cohort include the relatively younger average age of the sample and the fact that patients on PD are generally "healthier" than the average population of ESRD patients. The small sample size may have also contributed to the prevalence. On the other hand, patients with ESRD may be at risk for developing central sleep apnea related to fluid status and fluctuations in acid base status. However, central events were rare in our sample. This may be explained by the younger age of the population and the fact that patients on peritoneal dialysis in the US are generally "healthier" than those on hemodialysis for instance. In addition, though home sleep testing has excellent sensitivity and specificity for the detection of obstructive sleep apnea, its ability to accurately detect other forms of sleep-disordered breathing such as central sleep apnea remains to be determined [19, 20] .
Although patients with OSA are generally known to have a certain phenotype that consists of obesity, upper airway abnormalities or both, in this population of patients with ESRD receiving peritoneal dialysis, the phenotype does not appear to be as predictive [21] . Neither body habitus nor neck circumference was associated with a diagnosis of OSA, potentially suggesting an alternative pathogenesis. Previous literature has found that body fluid composition and retention of fluid result in greater fluid-related compression of the trachea following rostral movement of fluid while in the supine position, causing increased incidence of obstructive sleep apnea during sleep [22] . In our study, however, extracellular and intracellular fluid as well as total body water were higher in the OSA group but did not reach statistical significance, even after adjusting for time of day and activity level. This finding may be related to small sample size, the confounding effect of the intra-abdominal dwell volume, or to limitations in the technology used to measure fluid status. As patients did not drain the abdomen immediately prior to bioelectrical impedance analysis measurements, intraabdominal fluid may have impacted the ability to make accurate calculations. Although bioelectrical impedance analysis is convenient, safe, and easy, measurements of fat or fluid composition are impacted by states of dehydration, illnesses, or weight change [23] . Although we attempted to control for these situations by studying patients when they were clinically stable, we were unable to eliminate other potential variables such as inter-participant variations in daytime dwell volume.
The positive association between dialysate adequacy (dialysate Kt/V urea) and severity of OSA (AHI) must be interpreted with caution. Due to the observational study design, it was impossible to ascertain whether dialysate adequacy was a predictor of OSA severity. In our center, patients with decreased residual renal function and inadequate total Kt/V urea usually have a modification in their peritoneal dialysis prescription that would include changes (e.g., increase in volume of dwells overnight) that may theoretically predispose them to OSA. The positive correlation between dialysate urea clearance and AHI is thus complicated, and we believe there is too much confounding from multiple variables to draw solid conclusions from it. Surprisingly, data from our study do not show that dwell volume predicts OSA status or severity. This observation contrasts with preliminary data from patients with ascites showing that OSA improves after therapeutic paracentesis or data suggesting that OSA improves following parturition in pregnant women, suggesting that intra-abdominal volume plays a role in the pathogenesis of OSA, possibly via the reduction in functional residual capacity and airway collapse [23, 24] .
Strengths of this study are the detailed examinations performed on patients receiving peritoneal dialysis, the objective measurement of sleep-disordered breathing, and the consistent clinical protocol followed in our peritoneal dialysis patients. Of 21 patients who were approached to participate in our study, 17 ultimately consented (two of whom withdrew), and we believe that selection bias was therefore minimal. This study needs to be interpreted in the context of several limitations. Importantly, the small sample size was meant to collect initial pilot data; larger patient cohorts are needed to establish enough power to detect specific effects. As noted previously, home sleep apnea testing may have underestimated the severity of OSA due to the lack of EEG and the inability to measure arousals or sleep duration; this fact may have impacted correlations. Additionally, prevalence of sleep apnea may have been underestimated by the level III sleep study as these devices have yet to be validated in the ESRD population. There are several confounders that were not included in this study due to limitations of studying sleep at home, including sleep duration and arousals or wake after sleep onset. Body composition measurements may have been affected by the presence of intra-abdominal (peritoneal) fluid and daytime variations in data collection, as well as sample size. Lastly, the cross-sectional nature of this study limits the ability to infer causation, and certain results (such as the dialysate Kt/V urea) must be interpreted cautiously since alterations in PD prescription prior to data collection were a source of confounding for which we could not control.
Given what is known about the high prevalence of OSA in PD patients, additional research is needed that specifically addresses OSA as a function of PD-specific parameters. Many of these parameters, such as intra-abdominal dwell volume, nocturnal urine volume, and nocturnal ultrafiltration, could be manipulated through alteration in the peritoneal dialysis and medication prescription. Others, such as PET status, may be more difficult to control. The results of this study suggest that efforts to maintain residual renal function may reduce the severity of OSA but the reverse may also be true where detection and treatment of OSA in patients with kidney disease may help preserve their kidney function.
Conclusion
The prevalence of OSA and sleep disturbances is high in participants on automated nocturnal peritoneal dialysis. Based on the measures evaluated in this study, higher AHI correlated with lower renal creatinine clearance in participants with ESRD on peritoneal dialysis. Additional research is needed to confirm these results in a larger population as well as to identify whether screening and treating OSA in this patient population impacts cardiovascular outcomes in these participants, as recent data show an increased risk for sudden death in patients on incident hemodialysis [25] .
